Abstract: This study examines the multifractality and relative efficiency in sovereign bond markets, using the multifractal detrended moving average (MF-DMA) approach to quantify the degree of multifractality in the international sovereign bond yields. We use the daily values of the 2-year maturity government bond yields for 12 countries between 2003 and 2014 for empirical analysis. Our results document that all bond markets show multifractal characteristics in various levels. High degree of multifractality is seen in the Spanish, Portuguese and Italian bond markets while low multifractality features belong to the Canadian and the US bond market. The source of multifractality is mainly due to the structure of the bond markets where the recent Eurozone debt crisis has manifested itself as extreme observations. Keywords: sovereign bond markets; relative efficiency; multifractality.
Introduction
For the last 40 years, market efficiency and efficient market hypothesis (EMH) have been hot debating issues in the literature of finance. The theory simply asserts that financial asset prices fully reflect all the available information, and it is not possible to predict information flows between the current and future trading periods. Thus, asset prices in efficient markets are serially uncorrelated and follow a random walk. However, since its formulation by Fama (1970) , many researchers have questioned the validity of his hypothesis by stating that asset prices have long-range auto-correlations, hence it is possible to predict future price movements.
Several stochastic and econometric models have been used in the literature to study the dynamics of financial asset returns. Recently, concepts and methods from statistical physics have been extensively applied to model the financial time series of stock indices, exchange rates and bond yields. Researchers and practitioners regularly used GARCH, processes, Brownian motions and Levy processes for the analysis of financial time series. These models capture the stylised facts of the financial data, such as fat-tails, leverage, volatility clustering and long-term dependency. However, vast number of studies, initiated by Mandelbrot (1974) , have documented that financial returns also show a very rich and complex statistical feature, called multifractality. The origins of multifractality have been investigated in the literature by different approaches, namely partition function approach (Fisher et al., 1997) , the multifractal detrended fluctuation analysis (DFA) (Kantelhardt et al., 2002) and the multifractal detrended moving average (MF-DMA) (Gu and Zhou, 2010) .
The superiority of the multifractal methods in studying the financial markets is their incorporation of the important stylised facts of financial time series. First, they consider fat-tails of the return distributions; second, they capture the long-range dependency and lastly, they include multi-scaling property. The attractive side of the multi-scaling property is that it models the scaling property of financial returns at different moments and time measurements. Because, the market participants and macroeconomic policy makers do not operate at one time scale only; they have heterogeneous investment and policy horizons at different time scales. Thus, multifractal models are appropriate tools to investigate the properties of financial returns across time scales simultaneously. On the other hand, despite their superiority in modelling and forecasting financial time series, the multifractal-based models are not convenient tools for pricing the financial assets and derivatives as they do not have Martingale property.
In this study, multifractality of bond yields from 12 markets (Turkey, Canada, Italy, Japan, Korea, Portugal, Poland, Russia, Spain, the UK and the USA) has been examined. Because, understanding the properties of bond yields are crucial for several reasons, from bond portfolio diversification benefits to monetary policy-making decisions, it might be helpful to examine the multifractality of bond yields to build more accurate forecasting models. We used MF-DMA method (Gu and Zhou, 2010) to detect the multifractal nature and origins of multifractality in the daily logarithmic changes in the 2-years maturity government bond yields for a 10-year period between October 2003 and January 2013. To the best of our knowledge, this is the first study that considers multifractality structure of government bond yields from different countries and constructs an efficiency ranking based on their multifractality degree.
The rest of this paper is laid out as follows. Review of literature is presented in Section 2. Section 3 outlines the empirical framework to detect the multifractal properties of the data. Data analysis is provided in Section 4. Empirical results are documented and discussed in Section 5 and concluding remarks are given in Section 6.
Literature review
Since the seminal works of Vandewalle and Ausloos (1997 , 1998a , 1998b , plenty of studies in the literature reported the existence of multifractality in a variety of stock market indices, exchange rates and commodity prices.
Studies about the stock markets
One earlier study on the subject of stock market multifractality was conducted by Lux (1999) where documented the presence of multifractality in the German stock market. Long-range dependency, self-similarity and multifractality of the German stock market have also been reported in the studies of Ausloos and Ivanova (2002) , Górski et al. (2002) and Oswiecimkaa et al. (2005) . Zunino et al. (2009) performed a detailed investigation on the multifractality in the Latin American stock market returns and volatilities. They put forward that multifractality of Latin American stock markets stem from fat-tailed distributions. The study also uncovers that Latin American stock markets have a wider singularity spectrum than the US market, signifying that emerging markets are less efficient than the developed ones. The results were in line with the previous study of Zunino et al. (2008) , where they argue that emerging markets across the world have a broader degree of multifractality than the developed markets. The efficiency of the stock market was also investigated by Rizvi et al. (2014) in the context of developed vs. Islamic stock markets. They present that developed markets are more efficient than the Islamic markets in terms of multifractality level.
The MF-DMA method has been used to explain the multifractal nature of the Romanian stock market by Pleşoianu et al. (2012) . The results of their analysis show that multifractality of the Romanian stock market is a product of fat-tailed return distributions rather than long-range temporal correlations. Barunik et al. (2012) carry out a detailed survey to understand the multifractal dynamics of the Dow Jones and Nikkei stock indices. They also suggest that fat-tailed distributions are the main reason behind the multifractality. On the other hand, Lu et al. (2013) show that multifractality is mainly due to long-range correlations in the Chinese stock market. Suárez-García and Gómez-Ullate (2014) evaluate the multifractal features in the intra-day returns of the Madrid stock exchange index IBEX35. They show that IBEX35 index returns display a wide range of singularity spectrum due to long-range correlations which can be related to superposition of high-frequency component. Czarnecki and Grech (2010) proposed that extreme events might corrupt multifractal structure in financial time series as they document that removing abrupt events from the data restores the multi-scaling behaviour and parabolic shape of the singularity spectrum. In a similar study, Caraiani (2012) investigates the multifractal dynamics in the Czech, Hungarian and Polish stock markets, before and after the 2008 US sub-prime crisis. Their results show that even though the multifractal strength is not different during the crisis, the shape of the multifractal spectrum has been clearly influenced by the crisis. Hasan and Salim (2014) also report that the 2008 crisis has distorted the shapes of multifractal spectra of the Asian stock markets. Siokis (2014) investigated the multifractal nature of the three distressed European stock markets (Greece, Ireland and Portugal) prior and after the memorandum of understanding (MoU). 1 The empirical results show that the MoU agreement significantly increased the width of the multifractal spectrum in Ireland and Portugal. However, in the case of Greece, the MoU agreement lowered the complexity of the market as a narrower multifractal spectrum is observed in the Greek market after-MoU period. Furthermore, the source of multifractality is mainly due to fat-tailed density function for the Irish market and long-range correlations for the Greek market. Multifractality in the Portuguese market shows changing characters, before-MoU period, it is a result of fat-tailed distributions, but it is mostly due to long-range correlations after-MoU period.
Researchers also used multifractal methods in volatility modelling. Partition function methodology has been employed in investigating the multifractal properties of volatility in the Chinese market (Jiang and Zhou, 2008) . Wei and Wang (2008) proposed a multifractal-based volatility measure (MV) to forecast the volatility of Chinese stock market. Later, Chen and Wu (2011) refined this model as ARFIMA-MV to predict the volatility in Shanghai and Shenzhen stock markets. They argue that ARFIMA-MV model yields more accurate volatility forecasts than GARCH-family models and ARFIMA-RV model in terms of several loss function criteria. Huang et al. (2012) introduced an alternative approach, multifractal diffusion entropy analysis (MF-DEA) to carry out a research on the stock market volatility. Their study reveals some interesting facts about the volatility dynamics in developed and emerging markets. They claim that regular volatility exhibits long-range dependence whereas extreme volatility has anti-persistent behaviour. Chuang et al. (2013) perform a comparative analysis to test the forecasting ability of the Markov switching multifractal (MSM) model against the implied, GARCH and historical volatility models. They used S&P100 index and equity option data for empirical purposes. They posit that GARCH and the MSM models provide better volatility predictions than the implied and historical volatility models. They also show that the MSM model is superior to the GARCH model in capturing the extreme shocks. Other notable previous studies on the multifractality of stock markets are: Hang Seng and Hong Kong stock market (Sun et al., 2001a (Sun et al., , 2001b , French stock market (Fillol, 2003) ; Turkish and Russian stock markets (Balcılar, 2003) , Taiwanese stock market (Ho et al., 2004) ; Korean stock market (Lee et al., 2006) , Italian stock market (Onali and Goddard, 2009 ) and Moroccan stock market (Benbachir and El Alaoui, 2011) .
Studies about the exchange rate markets
The leading studies in the field have been carried out by Vandewalle and Ausloos (1997 , 1998a , 1998b where they put into evidence the multifractal characters of the USD/DEM and JPY/USD exchange rates. Later, multifractal features of the foreign exchange rates have been examined in the study of Schmitt et al. (1999) . They summarised that exchange rate returns (Swiss Franc, Deutsch Mark, British Pound, Japanese Yen and US dollar against French Franc) show varying Hurst exponents across different scales and they all have non-linear scaling functions. Corazza and Malliaris (2002) also performed a multifractal analysis to test the efficiency of foreign exchange markets. Their findings indicate multifractal structure with dynamically evolving Hurst exponents for the exchange rate returns.
In a recent study, Wang et al. (2011b) employed the MF-DMA method to conduct a study on the multifractality of 12 different exchange rates against US dollar. They empirically show that fat-tailed properties of USD/AUD and USD/EUR exchange rate returns have a significant impact on the multifractality of these currencies. Moreover, they assert that extreme events play an important role in shaping the multifractal character of the USD/EUR exchange rate dynamics.
Multifractal properties of the Yuan exchange rates have been considered in the MF-DMA framework by . According to their findings, multifractality of the Yuan exchange rate index is instigated from fat-tailed distribution between 2005 and 2008, but after a regime change in the exchange rate policy in July 2008; long-range dependence became dominant source of multifractality. Günay (2014) recently explored the origins of multifractality in foreign exchange markets. He documents that, while GBP/USD exchange rate returns display monofractal behaviour, there is a strong presence of multifractality in EUR/USD, USD/JPY and USD/CHF exchange rates. He claims that multifractality is due to fat-tailed distributions and long-range correlations in the USD/CHF returns and fat-tailed distributions in the EUR/USD and USD/JPY returns.
Studies about the commodity markets
Apart from the stock and exchange markets, there are applications of multifractal models in the commodity markets as well. Matia et al. (2003) studied the multifractal characteristics of the commodity markets vis-à-vis stock markets. Their results show that commodities possess a stronger multifractal character than stocks, due to more persistent correlations in non-linear moments.
In their study, Alvarez-Ramirez et al. (2002) investigated the multifractal dynamics of the crude oil market. The study points out that the crude oil markets show complex behaviour with highly interacting dynamics acting at different time scales. In a similar vein, used the MF-DFA method to examine the multifractal dynamics in WTI and Brent crude oil markets. Wang and Wu (2013) examined the efficiency of crude oil futures markets with the help of MF-DMA method. The multifractality is also an eminent feature in the prices of liquid petroleum gas (LPG) shipping market as shown by Engelen et al. (2011) . Long-range dependency and multifractality are also present in the volatility of gasoline crack spreads (Wang and Wu, 2012) .
Multifractal properties of the Chinese gold market have been reported in the studies of Wang et al. (2011a) and Kedong et al. (2013) . Multifractal features of gold prices in the three highest gold consuming countries (Turkey, China and India) have been analysed by Mali and Mukhopadhyay (2014) . According to their findings, multifractality of the Indian gold market is based on long-range correlations, while the origins of gold market fractality are due to fat-tailed returns distributions in the Turkish and Chinese gold market.
Multifractality is also an important feature in the agricultural commodity and livestock markets (Kim et al., 2011; Pavón-domínguez et al., 2013) .
Studies about the bond markets
Despite the abundance of the studies in the multifractal dynamics of the financial markets, only a few of them are concerned with the bond markets. In his doctoral thesis, Jamdee (2005) investigated the multifractal dynamics of the US term structures and found the evidence of multifractality and long-term dependence. The multifractal nature of the US government bond yields with maturities from 1 to 10 years is also supported by the results of Barunik et al. (2012) . They show that dynamics of the US bond yield returns are enacted by MSM process rather than α-stable ARFIMA model. Cajueiro and Tabak (2007) have studied multifractality and long-term dependence in the term structure of LIBOR rates for six different currencies and various maturities. They empirically suggested that the degree of long-range dependence decreases with maturity (except for Japanese Yen and Indonesian Rupeeh). They also reported that, bond yields have a multifractal nature and the degree of multifractality is much stronger in Indonesia which is an emerging market. A multifractal-based short-term model has been proposed by Rypdal and Løvsletten (2011) to model the Norwegian and US 3-month bond yields.
Empirical framework
Following the influential works of Peters (1989) and Lo (1991) , researchers have proposed various statistical methods to investigate the long-range temporal correlations and complexity in financial markets. Peng et al. (1994) formulated DFA method to examine the correlation dynamics of the molecular chains in DNA. Following Peng et al. (1994) , Vandewalle and Ausloos (1997) investigated long-range power-law correlations in the daily closing values of the USD/DEM exchange rate by using the DFA method. Later, Kantelhardt et al. (2002) proposed the MF-DFA by modifying the DFA method to investigate the multifractality in non-stationary time series. The DFA and the MF-DFA methods extract the trends from time series via polynomial fitting.
Recently, detrended multifractal moving average algorithm (MF-DMA) was proposed by Gu and Zhou (2010) . It is an extension to the DMA algorithm of Arianos and Carbone (2007) which can remove the local trends by subtracting the local means. Gu and Zhou (2010) assert that the MF-DMA is a more robust algorithm than the MF-DFA in empirical analysis because detrended fluctuations obtained via MF-DMA show more controlled behaviour for larger time scales. The MF-DMA framework can be outlined in following steps (Wang et al., 2011b; Wang and Wu, 2012) ;
Step 1: Let y(t), t = 1,2, …, N denotes a time series, where N is the length of the time series. We build a new process by taking the cumulative sums of y t as 1 ( ) ( ).
Step 2: Obtain the moving average sums of the cumulative sums as (Arianos and Carbone, 2007) ( 1) (1 ) ( 1)
with s representing the window size, x is the larger integer smaller than x, x is the smallest integer larger than x, and θ is the position parameter range between 0 and 1.
Therefore, the moving average functions of two series consider the past ( 1)(1 ) s θ − −     data points and the future ( 1) s θ −     data points.
Step 3: Detrend the series by subtracting the moving average functions, and obtain the innovation process ε(i) using the equations as;
where ( 1) ( 1) .
Step 4: Divide the innovation series into N s non-overlapped segments with the equal length s, where / 1 . 
Step 5: Calculate the qth order fluctuation function using the equation
for ≠ 0. Where, F q (s) is the qth order fluctuation function and
Step 6: For different values s, we define the power-law relationship.
Here, the q-generalised we obtain multifractal scaling function also known a Renyi exponent τ(q) as,
Another important set of variables which is useful in detecting the multifractality,
, is defined by a Legendre transformation as below:
α is the Hölder exponent or singularity strength which characterises the singularities in a time series. The width of singularity spectrum f(α)describes the multifractal degree of the time series.
Preliminary data analysis
Our dataset contains daily rates of the 2-year maturity government bonds from Canada, Czech Republic, Italy, Japan, Korea, Poland, Portugal, Russia, Spain, Turkey, the UK and the USA. The data period spans from October 1, 2003 to December 31. The recent events of the Lehman Brothers collapse and the Eurozone sovereign debt crisis are covered; therefore, we may investigate the impacts of the extreme price movements on the multifractality degree. All series were retrieved from the Bloomberg database. For our analysis of multifractality, we use the logarithmic changes in the daily bond yields. Denote R t as the bond yield on day t then the daily logarithmic changes of X t are given by:
The time plots of the bond yields and logarithmic changes are illustrated in Figures 1  and 2 respectively. The effects the Lehman Brother collapse can be spotted in almost all bond yields as decreasing trends (except for Russia with an increase) after [2007] [2008] . For the bond yields of Italy, Spain and Portugal, the Eurozone debt crisis is manifested as increases in the bond yields. These three country along with Greece and Ireland (called GIPSI countries), were under stress during the Eurozone debt crisis which was started in Greece and escalated with downgrading of nine other European countries. The volatility clustering can be seen in all markets. We notice that the impacts of extreme events in bond market dynamics are not uniform. While, the US sub-prime crisis has shown its effects as sharp declines in the bond yields (because collapse of stock markets drove investors away from stocks to bonds), large increases in the bond yields are mostly observed after the Eurozone debt crisis. Descriptive statistics of the logarithmic changes are provided in Table 1 . The mean values are generally negative except for Italy, Spain and Portugal. Turkey has the lowest mean and standard deviation among all markets. Czech Republic seems to be riskiest with the highest standard deviation. The series are stationary as suggested by the ADF test statistics. The skewness and kurtosis statistics confirm non-normal distributional behaviour; also Shapiro-Wilk statistics reject the normality assumption for the all series. Korea, Czech Republic and Portugal have relatively higher kurtosis values meaning that having fatter tails than other markets. Long-memory properties of the non-linear movements are investigated through R/S method. The reported R/S statistics for the absolute values of the logarithmic changes point out the existence of long-term temporal correlations in all series except in Spain which has an R/S statistic less than 0.5 suggesting anti-persistent volatility behaviour and in the UK which has an R/S statistic (0.513) very close to white noise. These observed empirical features of the bond yield returns imply the presence of multifractality in the international bond markets as fat-tailed return distributions and long-range dependency of the non-linear moments are considered two main causes of multifractal character (Kantelhardt et al., 2002) .
Empirical results and discussions

Detection of multifractality
We begin our empirical analysis of detecting the multifractality in the bond markets by depicting the fluctuation functions F q (s) against time scales s for the moments q ranges between -4 and 4 in a log-log plane. For the sake of simplicity, we only show relationship between ln[Fq(s)] and ln[s] when q = -4.2.0.2.4. In Figure 3 , the power-law behaviour between ln[Fq(s)] and ln [s] can be seen for all bond yield returns when q = -4 and q = -2. But, we observe weaker power-law characteristics at higher moments especially for the three developed markets (Canada, the UK and the USA) meaning that large fluctuations do not contribute much to the multifractal structure in these markets. We notice that multifractality degree of the Canadian, Korean and American bond yields are weaker than the other bond yields. We also observe the scale invariance property at almost all moments indicating that correlation structure of small and large fluctuations at small time scales are consistent with those at larger scales. Thus, investors who operate in international bond markets with different investing horizons are exposed to same level of risk.
We obtained the scaling function τ(q) by using the relation in equation (8). Figure 5 represents the scaling function τ(q) for the logarithmic changes in bond yields against the linear scaling function τ(q) of a fractional Brownian motion (fBm). The multifractal behaviour is evident in almost all markets (except in Canada, Korea and the USA) as the scaling functions deviate from linear scaling property of the synthetic monofractal series. By using q-generalised Hurst exponents H(q), one can obtain the multifractal spectrum f(α) through Legendre transform given in equation (9). As noted by Hasan and Salim (2014) , multifractal singularity spectrum f(α) can provide valuable information about the price fluctuations, market risk and efficiency level of the market. The width of the singularity spectrum defines the intensity of multifractality, while its shape provides information about the sensitivity of multifractality to large and small fluctuations (Günay, 2014) . The singularity spectrum f(α) has the shape of an inverted parabola with its peak at α 0 which corresponds to the moment q = 0. The left side of the spectrum α < α 0 represents the positive moments (large fluctuations) q > 0 and the right side of the spectrum represents the negative moments (small fluctuations) q < 0.
Figure 4 q-Generalised Hurst exponents H(q)
Figure 5 Scaling function τ(q)
In Figure 6 , we present the multifractal singularity spectrum f(α) vs. Hölder exponent α for the empirical data compared to the spectrum of simulated monofractal and multifractal series. The width of the singularity spectrum f(α)is broader in Spain, Portugal, Russia, Turkey and Japan indicating strong a level of multifractality.
We observe a medium level of multifractality in Czech Republic, Italy and the UK. However, the spectrum of Canada, Korea, Poland and the USA are closer to the spectrum of artificial monofractal series. The shape of the singularity spectrum varies across markets. The symmetric multifractal spectrum suggests that there is no significant difference between small and large price movements in shaping the multifractality of the Canadian, Italian, Korean and Czech bond markets. We observe a right skewed spectrum in the Japanese, Spanish and Turkish markets, which can be interpreted as small fluctuations play a more important role than large fluctuations in the multifractal dynamics. Conversely, the left skewed spectrum of the Polish, Portuguese, Russian, British and American markets indicates that multifractality in these markets is a product of large price movements.
To quantify the multifractal degree of the markets, we used two different measures, the range of q-generalised Hurst exponents 
Efficiency ranking of international bond markets
According to the EMH; all kinds of fluctuations should obey the random walk behaviour. Therefore, q-generalised Hurst exponents H(q) with different q moments should be equal to 0.5. We construct an efficiency ranking of the sovereign bond markets by using measure D as defined by following formula:
with H(q min ) and H(q max ) represent the small and large fluctuations of the bond yields. The value of D closer to 0 shows a more efficient market. The efficiency ranking of the sovereign bond markets is presented in Table 4 . We report that Canada and the USA are the most efficient bond markets in terms We document some mixed results about the bond market efficiency of emerging and developed markets. First of all, we show that developed economies, namely Canada and the USA have the lowest degree of inefficiency parameter. These findings are supportive of the results presented by Cajueiro and Tabak (2007) . However, we also document that some developed countries (Spain, Portugal and Japan) have less efficient bond markets. Owing to the recent debt crisis in the Europe, the prices of sovereign bonds have plummeted in Spain and Portugal. Consequently, bond yields in these countries witnessed sharp jumps in an unprecedented scale. Therefore, it is not surprising to see that multifractality caused by large price fluctuations are prominent in these markets. Rizvi et al. (2014) reported that Turkey has an efficient stock market compared to some other emerging markets in the Islamic world. In fact, for the period of [2003] [2004] [2005] [2006] [2007] , Turkish stock market is found to be the most efficient market in the short-term and fifth efficient in the long term. In this study, we revealed that, contrary to its stock market; Turkish bond market is inefficient.
As Hartman et al. (2004) put forward that the linkages between financial markets are characterised by their asymptotic tail dependence during turmoil periods. Thus, using a multifractal-based cross-correlation analysis would be useful to uncover the cross-multifractal behaviours between the markets during crisis periods. Moreover, a cross-multifractal examination of bond and stock markets in the crash periods might reveal useful information about the cocrash or flight-to-quality phenomenon between a bond and a stock market.
Origins of multifractality
As pointed out by Kantelhardt et al. (2002) , there are two fundamental reasons that explain the multifractal character of financial time series, namely long-range temporal correlations in non-linear moments and fat-tailed distributions of the returns. To measure the contributions of each factor, we perform shuffled and surrogated data analysis methods which remove the long-range dependence and fat-tailed characteristics of the data. We test the effects of long-range correlations over the multifractality degree by obtaining the shuffled series as follows: i obtain pairs of (p, q) of random integer numbers with p, q ≤ T where T denotes the sample size of the time series to be shuffled ii change places of entries p and q iii repeat the first two steps 20T times until the original data is fully shuffled.
To quantify the multifractality that stems from fat-tailed distributions, we compare multifractality degree of original and surrogated series. Surrogated data can be generated via Fourier-phase randomisation which destroys the fat-tailed behaviour of the series and transform them into normally distributed series. However, Fourier-phase transformation method may also remove the long-range power-law correlations of the absolute returns during the surrogating process. Therefore, in order to avoid erasing long-range correlations exist in the volatility process, we use the following procedure (Zhou, 2009; Wang et al., 2011a Wang et al., , 2011b ( 1,2, , ) .
… If long-range temporal correlations of non-linear moments are the main factors of multifractality, then the degree of multifractality becomes weaker after the shuffling process but merely weakens after the phase randomisation process. Reversely, if multifractality of the original series is mostly stemmed from fat-tailed distributions, then the degree of multifractality for the surrogated series are weaker than that of shuffled series.
To detect the origins of multifractality in the international bond yield returns with shuffled and surrogate data analysis. We generated 1000 shuffled and 1000 surrogated series for each bond yield returns and perform MF-DMA algorithm on every shuffled and surrogated series to obtain H(q), τ(q), and f(α) values on average. Table 2 presents the values of the multifractality measure ∆H for the surrogated and shuffled data. We observe that q-generalised Hurst exponents of surrogated series are significantly different compared to original ones showing the importance of fat-tailed distributions on degree of multifractality. The H(q) values of the shuffled data, on the contrary, have different implications on the contribution of long-range correlations to the multifractality.
The H(q) values for the shuffled data of the Italian, Japanese, Portuguese, Spanish and Turkish markets show that long-range correlations also contribute to the degree of multifractality in some extent (not as much as fat-tailed distributions though). However, according to H(q) values; shuffled series of the Canadian, Czech, Korean, Polish, Russian, British and American markets have similar (or stronger) degree of multifractality with (than) original series. Notice that multifractality of shuffled series are stronger than original ones in some cases, this abnormal phenomenon was also reported in the studies (Czarnecki and Grech, 2010; Wang et al., 2011a) . As claimed by the authors, this anomaly can be stemmed from the finite sample size which may produce artificial multifractal behaviour. Table 3 shows the values of the singularity spectrum (∆α) for the surrogated and shuffled series. The width of the spectrum is significantly lower (<0.10) for every surrogated series, denoting that phase-randomisation erases all the traces of multifractality. Thus, multifractality of the bond markets is mainly originated from fattailed distribution of returns rather than long-range temporal correlations.
It is also disputed that, apart from long-range correlations and fat-tailed distributions; extreme events have an impact on multifractal behaviour in the financial markets. Czarnecki and Grech (2010) and Wang et al. (2011b) show that eliminating extreme events reduces the degree of multifractality. However, Green et al. (2014) asserts that extreme events do not contribute to multifractality; they distort the humped shape of singularity spectrum f(α). Because, our data sample covers the period of the US sub-prime and the Eurozone debt crises, it would be beneficial to examine the effects of extreme events on multifractality. For this purpose, we removed the extreme events from each dataset by using the procedure below (Wang et al., 2011a ):
• Sort the original return series ( , 1, 2, , ) 1, 2, , ) .
Remove the first M/2 and the last M/2 data entries from the sorted series z t . M = T × 0.05 represents the number of data in the tails at. Denote this new EV-removed sorted series as ( , 1, 2, , ) .
• Then, we randomly choose values from the sorted series ( , 1, 2, , )
to fill the first and the last M data points in the sorted series x t . Thus, we obtain a new dataset without extreme points denoted as ( , 1, 2, , ) .
• Obtain a new data ( , 1, 2, , ) t r t T = … by rearranging EV-removed data ( , 1, 2, , ) .
This rearranged data t r has the same rank order as original series r t .
We performed a MF-DMA analysis on EV-removed series. The corresponding q-generalised Hurst exponents H(q) and multifractal spectrum f(α) (labelled as 'EV-removed') are given in Tables 2 and 3, respectively. We observe from the results that extreme events play some important roles in the origins of multifractality in the bond markets of Spain, Portugal, Italy, the USA and the UK. It is not surprising that extreme events have major contributions to multifractality in these markets; since these countries have the most affected stock and bond markets from recent financial crises. The width of the multifractal spectrum has nearly diminished to the level of monofractal series in the Italian and the UK data. We also notice that; multifractality caused by extreme events, mostly depends on large fluctuations, as we observe longer right tails in the singularity spectrum of EV-removed series. In Spain and the USA, cleaning extreme data points erases almost all footprints of multifractality caused by large fluctuations. In other markets, extreme events do not have much impact on the level of multifractality.
Conclusion
In this study, we applied the MF-DMA method to investigate the multifractality in sovereign bond markets. Our findings suggest that international bond markets exhibit multifractal behaviour in various amounts. We used two measures (the range of generalised Hurst exponents, ∆H and the width of singularity spectrum ∆α) to quantify the degree of multifractality. According to both measures, Canada has the lowest degree of multifractality and Spain has the highest. The multifractality in the bond markets is a result of fat-tailed distributions and the market structure caused by extreme observations. Long-range correlations also account for the complex multifractal dynamics of the Portuguese, Spanish, Turkish and Japanese markets.
We constructed an efficiency ranking among the bond markets by using a multifractal inefficiency parameter D. We display that developed bond markets (Spain, Portugal and Japan) are less efficient than some emerging bond markets (Czech Republic, Korea and Poland).
We also analysed the roles of extreme events on multifractality, since our data sample covers a 10-year period from 2003 to 2013 when world economy have witnessed two major financial downturns (the US sub-prime and the Eurozone debt crises). The impacts of the Eurozone debt crisis on the Italian, Spanish and Portuguese bond markets were devastating and lead to downgrading of these countries. We expose that the level of multifractality has deteriorated in these markets after removing extreme observations from the data. Therefore, the sudden price changes in the bond markets are important factors in forming the multifractal character. Compared to the US sub-prime crisis, the Eurozone debt crisis has more pronounced effects on the multifractality in the bond markets. Spanish and Portuguese bond markets are suffering from ongoing effects of the Eurozone debt crisis; accordingly, they have the highest degree of multifractality. On the other hand, the USA which is the ground zero of Global financial crisis, has the second most efficient bond market after Canada. However, a detailed further research should be done by dividing the whole sample into before and after crisis periods; to make more reliable assumptions about the impacts of financial crises on the bond market multifractality.
We also empirically show that countries which follow tight monetary policies (Turkey and Japan) have a higher degree of multifractality and less efficient bond markets. The downgrading of Japanese government bonds by Moody's in August 2011 can also be considered as a possible economic reason behind the higher degree of multifractality in the Japanese bond market. Because, theoretically, when sovereign bonds get downgraded, investors suddenly realise the additional risks associated with them and seek for alternative investment tools. Hence, these investor sentiments cause a sudden decrease (increase) in bond prices (yields).
Since, international bond markets have multifractal features, using multifractal-based econometric models such as, Markov switching multifractal (MSM) or multifractal random walk (MRW), to predict the evolution of bond yields and compare their forecasting abilities to the conventional models (CIR, GARCH, etc.) would be a useful future research. Moreover, investigating the cross-multifractal characteristics of stock and bond markets would be beneficial in terms of flight-to-quality context.
